12 United States Patent

Tribou et al.

US011417223B2

US 11,417,223 B2
Aug. 16, 2022

(10) Patent No.:
45) Date of Patent:

(54)

(71)

(72)

(73)

(%)

(21)

(22)

(65)

(60)

(1)

(52)

(58)

FLIGHT ALTITUDE ESTIMATION SYSTEMS
AND METHODS

Applicant: FLIR Unmanned Aerial Systems
ULC, Vancouver (CA)

Inventors: Michael Tribou, Waterloo (CA); Fel
Yu, Waterloo (CA); Ian Melhuish,
Waterloo (CA); Jerry Mailloux,
Wellesley (CA)

Assignee: FLIR Unmanned Aerial Systems
ULC, Vancouver (CA)
Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by 0 days.

Appl. No.: 17/148,495
Filed: Jan. 13, 2021

Prior Publication Data

US 2021/0241635 Al Aug. 5, 2021

Related U.S. Application Data

Provisional application No. 62/963,128, filed on Jan.
19, 2020.

Int. CI.

GO8G 5/00 (2006.01)

HO4B 7/185 (2006.01)

U.S. CL

CPC ......... GO8G 5/0069 (2013.01); GOSG 5/0017

(2013.01); HO4B 7/18504 (2013.01)

Field of Classification Search
CPC . GOBG 5/0069; GOBG 5/0017; HO4B 7/18504

(Continued)

2 ™

(56) References Cited
U.S. PATENT DOCUMENTS
7,149,611 B2  12/2006 Beck et al.
951,878 Al 3/2010 Dolan
(Continued)
FOREIGN PATENT DOCUMENTS
CN 103332296 10/2013
CN 105223958 1/2016
(Continued)

OTHER PUBLICATIONS

Elistair Report Summary, Periodic Reporting for period 1—“Elistair
(Bringing unlimited autonomy to Civilian Drones: PULSE, an
Intelligent Tethered Power Supply.)”, Report Period May 1, 2015-
Oct. 31, 20135, dated Jul. 5, 2016, pp. 1-3.

(Continued)

Primary Examiner — Kerni L McNally
(74) Attorney, Agent, or Firm — Haynes and Boone, LLP

(57) ABSTRACT

Unmanned aircrait systems (UASs) and related techniques
are provided to improve the operation of unmanned mobile
sensor or survey platforms. A flight altitude estimation
system 1ncludes a logic device configured to communicate
with a commumcation module and a flight barometer
coupled to an unmanned aerial vehicle (UAV), wherein the
communication module 1s configured to establish a commu-
nication link with a base station associated with the mobile
platiorm, and the flight barometer 1s configured to provide
flight pressures associated with the UAV as 1t maneuvers
within a survey area. The logic device i1s configured to
receive demark pressure data from a demark barometer
coupled to the base station and determine a differential tlight
altitude estimation based, at least 1n part, on received flight
pressure data and demark pressure data, a reference tlight
pressure and a reference demark pressure corresponding to
a flight initiation location of the base station.

20 Claims, 8 Drawing Sheets




US 11,417,223 B2
Page 2

(58) Field of Classification Search

(56)

USPC

340/977

See application file for complete search history.

8,594,802
9,016,617
9,216,818
9,277,130
9,284,049
9,446,858
9,592,744
9,592,911
9,609,288
9,650,157
9,725,169
9,704,838
9,776,200
9,859,972
9,902,495
9,919,797
9,988,140

10,011,352
10,228,245

2003/0164794
2006/0183487

20
201
201

201
201
201
201
201
201
201
201
201
201
201

10/0295303

3/0233964
3/0325217

4/0263852
5/0041598
5/0191259
5/0312774
6/0059963
6/0073271
6/0363659
7/0158338
8/0050798
8/0245365
8/0292844

B2
B2
Bl
B2
Bl
B2
B2
B2 *
Bl
B2
B2
B2
B2
B2

AN A AN NN A A AN A A A

References Cited

11/201
4/201
12/201
3/201
3/201
9/201
3/201
3/201
3/201
5/201
8/201
9/201
10/201
1/201
2/201
3/201
6/201
7/201
3/201
9/200
8/200
11/201
9/201
12/201

9/201
2/201
7/201
10/201
3/201
3/201
12/201
6/201
2/201
8/201
10/201

N QO OO0 00 00 00~~~ ~]1 ~1 ~1 ~1CNCN O hth W

3
§
0
3
3

OWUW-1TNANOY L b &

U.S. PATENT DOCUMENTS

Callou et al.
Wang et al.
Wang

Wang et al.
Wang et al.
Hess
Zhao
Liu
Richman et al.
GilroySmith

[Lemus Martin et al.
Priest

Busby et al.

Jalali

Phan et al.

Chan et al.

Priest

Dahlstrom

Babel
Haynes et al.
Allen et al.

Lind et al.
Woodworth et al.
Seydoux

B64C 39/024

iiiiiiiiiiiiiiiiiiiiiii

B64C 39/024

tttttttttttttttttttt

GO05D 1/042
701/4

tttttttttttttttt

Walker et al.
Nugent et al.
(Glovannini et al.
[Lau

Burgess et al.
Schultz et al.
Mindell et al.
Sweeny et al.
Kapuria
Wankewycz
Kosseifl et al.

2019/0054386 Al* 2/2019 Tian .........cccevvvivnnn, A63H 30/04
2019/0154003 Al 5/2019 Nordstrom

2020/0122830 Al 4/2020 Anderson et al.

2021/0049914 Al* 2/2021 Dalan .................... GO6V 20/13
2021/0058143 Al 2/2021 Muren et al.

2021/0241636 Al 8/2021 Yu et al.

FOREIGN PATENT DOCUMENTS

CN 105752337 7/2016
CN 105932737 9/2016
CN 107196696 9/2017
CN 206807060 12/2017
CN 107651212 2/2018
CN 207173951 4/2018
CN 108268079 7/2018
EP 2228301 9/2010
KR 101816803 1/2018
KR 20180031622 3/2018
RU 2441809 2/2012
RU 154874 9/2015
RU 169165 3/2017
WO WO 2002/061971 8/2002
WO WO 2007/078422 7/2007
WO WO 2007/141795 12/2007
WO WO 2011/032051 3/2011
WO WO 2013/150442 10/2013
WO WO 2015/102700 7/2015
WO WO 2015/138217 9/2015
WO WO 2017/117608 7/2017
WO WO 2018/034578 2/2018

OTHER PUBLICATTONS

Elistair, “A Comparison of Persistent Aerial Surveillance Solu-
tions”, (htlps://elistair.com/a-comparison--Of-persistent- Aerial-

survelllance-solutions/) Dated Jun. 27, 2016. page 1 of 1.

Tognon Marco et al. “Control of Motion and Internal Stresses for a
Chain of Two Underactuated Aerial Robots”, 2015 European Con-
trol Conference (ECG), EUCA, Jul. 15, 2015, pp. 1620-1625,
XP032814269, [retrieved on Nov. 16, 2015].

* cited by examiner



S. Patent Aug. 16, 2022 Sheet 1 of 8 S 11.417.223 B2

Bk R Rk k h k ok ok ko k k h kR ok ok ok h k k k k ok ok ok ko k k k kR ok ok ok k k kR k ko k k h k Rk ok ok kR ok kR ko k k h kR ko k k k kR ko k k kR ko h k k kR ko h k k a k ek E m m m m m m

Platform 110 Rase Station 130

iiliiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii

User interface 132

- -
LN B N N B R N N I N O B B B R B N B B O N N N N N N N O O N R R B N N R N B O N O

Orientation
Sensor 114

ok h ok oh ko ok hohhhd ok h h o h ko hh o h ko h ko ko h o h ko

Controller 112

COE B B N RE R UL B D NE BE B R N B R B DR R B U NE B B L B B DR B B NE B B NE BE B R N B N B B N BE B N B B B B |

o o ko
& ko F F ko ko F

o kS

L B N N B B B B DL B B O B B DL B B D B B O B B O I B DL B B L O B D I B B B B D B B DK BN B DL BN B B B B

Communications
Module 134

LI I I I I I I I R R RN

Gyroscope/ GNSS 118
Arcelarameter

Communiications

Module 120

kS

LI I I I I I I I I I I R R R RN

L I B N I B N I B N N B N N AL N I DO N DL O O I DO DO IOE DOE B IOE O N IO DO L DO DO AL DOE DO AL DOE DO N DR DAL O DR RO B DR RO )

Other Modules
i36

LI I I I R R R R R EEREEREEERENEENEEENEEEEEEERIEEINEIENENENEEES N

o o ok o ok F F ok F ko F F F ko F ko F kS

LI I L RO I O B I DO O D B RO I DAL L IR DO DL DL DO RO BOE DK DO BOR DO DO BOE DAL AL IO DO BOE BOE T AL DOE DO AL DO DK BOL BOE DAL O DR RO BOK B )

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

Gimbal Syste
idd

Propuision System
124

LI I N R R R R R R R RN EREE R EEEREEREERENENENRINENENENEEEEEEEEERN]

LN NN NN N NN NN NN NN NN NN NN NN NN NN NN NN NN NN
b o ko o F o F ko F

L
*
*
L
L
*
L
L
*
L
*
*
L
L
*
L
*
*
L
L
*
L
L
*
L
*
*
L
L
*
L
L
*
L
L
*
L
L
*
L
*
*
L
L
*
L
L
*
L
L
*
[

Other Modules
126

 h ok ohoch ok oh ok ohh hh ok h A h ok h ko E o h ko h h ok hhh o E ko h o d h
-

-
LI I I I RN R R R R RN R E R R RN RN E R R R R R R EREEEREREREREREEREENRENEEEEEEEE RN

T,

LR B N BN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN
b o ok o o F o F ko

4 4 h A ok ko h ok hh ok h o dh o hh ok hh o h ko h o h o h o h o h e

= o o o F o o F o o F F ko

ok o ko ko F F F F F F F F F FF F F FF F FF Fk F F F F F F F F F F F F F F F F F F F F F F F F F k F F F F F F F F k F Fk F F F F F k F F k F F F F Fk F F F F F k F k F F kF F kF k k F F F F k F F k F F k F kk F F k F Fk F k F F F k F k F F kF F kF F FFF
[ B B BN B B NN BN NN NN BN NN BN OB BN OB NN NN BN O NAN BN Y NN RN Y NN BN BN NN BN DAY NN BN BN O BAN O BAY NN BN BN BAY NAN BAN Y BON CBAN DAY NN DAY DAY NN CBAN BN NON BN BN NN BAY BN BN DAY DAY BEN BN BN O BAN BN BN BAY ONAN BN BN BNN AN BON DAY BAY NN NN DAY NAN O BAY BN O BAN CBAY Y B BNY DAY O NON BN NN O BAN BN BN BN BEY Y AN BAY BN NN O BAY Y NAN BN Y BN BN BN B BN OB NN OB DY N BN B Y B BN AN B N AN BN NN NN DAY N B NN N OB Y N BN YN B N N B

: %
@
™

%
™ o
%%

- -
T, s, e s, T s s, T e e T e T rET T e T I E e e T e E T e e e e e e T Y e e e e T e e e e YT Y
L |
! [ ] 1 - x
- ¥ k4 4 ]
Wk Wk ok ko ok ko ok kol ok ok ko ok ko ok kol ok ok ok ko ko hoh ok ok h h h ok ok ok ok ok ok h kh hh ok ok ok ok

imaging Module
242

Communications
Maodule 144

o o o ko F
b o kS
o ko o

L B N N B N R B U N N N N N N N N N N N N N N N N I N N B N N B N N B N B DL N B IO O N BOC AL B DL O B B )

Memory 146

o & & F F & F F F F F & F F & F F F

LI I R R R R R R RN R R EEREEERERENENEINENENEENEEBEEEEEIEENR.]

4 bk h Ak ok ko ko h hh o hh o h ko h hhhh o hh hhh hh o hhh hhh hhhh R h h ke h ko ek

Orientation
Sensor 148

L B N N B N R B U N N N N N N N N N N N N N N N N I N N B N N B N N B N B DL N B IO O N BOC AL B DL O B B )

L B N N B DL N B DL B B D B B DL I B O N B O B B D B B DL B B D O B B B B D B B DL B B DK B B DL BN B B BN BN

Gyro/Accel

LI I L N I B B I D B I B B I DAL T DAL DAL I DL O DAL IOE DK DO BOE DOE DO DAL DO AL IO BN DL DO DK DAL DOE DO DO BOE DOE N DR DAL O DR AL BN B )

o & & F F & F F F F F & F F & F F F
kS

L L B B DL B B BN B UL B DL O DL DL BN O DL BN DL D N BN DN D B DN DN UL DU DL DL DN U DN BN DS D BN DL DN DD DB BN BN

ther Modules
152

o o o ko ko
o ko F F F ok ko F ko F ko ko ko ko kS

LI I A I B N I DO DL IO O DO IO O RO IO DAL B IO DL B DO AL DO DL O BOL IOL DAL O IOL DO DO DL UL B L DL B L DOE NOE B DL B IOE BOL O DL DAL AL DOE DL O IO DO BOE IO DK AL IOE DAL NOE IOE DK BOL IO DR BOL BOE DL DK DAL BOE B IOE DL NOL DOE DO DL IO DL DAL IO DK O DO DO DL DO BOE DO BOE DK BOL DL BOE AL BOE DO DL BON DO BOL IO DO TOL IOR DO AL BOL BOE AL DR DO DO BOE BN BN BN )



S. Patent Aug. 16, 2022 Sheet 2 of 8 S 11.417.223 B2

|

* *
L] [
L B *
= o

b o kS

.“'-’-’-‘-’-’-’-’-’-‘

b o o

L

iiiiiiiiiiiiiiiiiiiiiiiiiii

= o F ko F + F
[ ]

ok ko ko ko ko #

L B B B B B B B B |

ek ok

LB B B B B B B B BN

et



SCLITIDG
SOOTHEIUOD AAE

T A GHEGE

US 11,417,223 B2

iy
S

S e

£30
“ﬁ“*m.q%
Rt it )
o Xy
B S 8
YR M%@g
2 \ R
% oY N U %
SRR R 3

L B |
iiiii
4 r r

= N
e o
B B P n"'-r_‘:n-"-"'t. oy By S

i ABLIBAIGT
| HeiEpY WIoREl Bl

Ld

B

T
Sav,

- €~
...__? [

CLADUTICIS

1
r

Sheet 3 of 8

OvT
f.ﬂ, / arppppiasonioy

LD
OISy

Aug. 16, 2022

.....
iiiii

BIORIBA Y
i

= 017

(0t

U.S. Patent



US 11,417,223 B2

Sheet 4 of 8

Aug. 16, 2022

U.S. Patent

—— - “
- u‘tﬁ-ﬂ_ m ﬁ m Py ¥ F by
L 08s | m J—
. A i, ”
“ m  B§E
: 7 : _
% - m BT AT ﬁ.
EAPATY w m B0 Ity
¥ AU
7 ¢ 2 _
A # v ’ e ” L L8y p u o .
| Bmosmmonmssammsommmaommonnoed, § § SUBTITE TSIy _
A N ; ' _
g ? TV x#w&ﬁi# B i %
7 :
W rrrrrrrr et “I....I..“.1..I...1...-....-...“_-....I....1".I....I.....-..“.I....-...i....1...1...I....I...:..“._-.".I....1...-....-...“.-.".I....-....I....I.....1“1...-....I....1....1...1.ET.T‘WE.‘E‘E‘.‘HW‘H@‘E&I.‘H.““. P T T T N T R R T

L

T NOHYLS 38vd

59 _.

wrasiiaiies Age | 0 m S

h 1w

b L LN TN T

L)

')

L VL L T T

ul Sy

MY BB
S -4 5 PBUIBH S

Mhd AH + SHOD L w
| oaseg 0

}l“l‘l

Bf

SARES - L M

- N
m'
. ]
SR N
R b ]

L.
St
-.T"

= QLT

A

YA

R W A
"l o il o o ol g ol

T PEE

SHELY

TEE

708



U.S. Patent

Aug. 16, 2022 Sheet 5 of 8

iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii

400

¥

= ok o o o F ko F ko
ko ko
>
*

I

L] L]
LR I I I N RN
C I N N N N B N I DAL TN B O B DL BOC BN BOR DO BOE DO DK DL BOE BOE BOL BOE BOE BOL IR K )

-
B
-
.
-
-
.
-
-
-
-
-
-
-
L B B
-k ok
- b &
- ok
-
Y
- &
-
-
-
-
Wl ok ok ok ok h h ko h h ok ok ko ko h ok ko k ko hoh ok ok ol ok ok ok h h h ok ok ok ok ok ok ok ok ok ok ok ok ok k ko
LI R R
-
-
-
-
-
-
-
(=)
] [l M & [
. Y. ’
I - | I Emn - | L3 -
-
- .
- -
L]

on the ground (PO

-
-
L]
-
L]
-
-
-

-
-
L]
-
L]
-
-
-
L]
-
-
L]
-
L]
L]
-
-
L]
-
-
-
-
-
L]
-
-
-
L]
-
L]

*

LI I I R R R R R EEREEREEERENEENEEREEEEEENEENENEINRIENEIENEIENESE RN
L N N B B N N B N N B B N B O B O B N O B B O B N I D B B B N B B N O O B O O B N D N O D B B B B B BN

o o ok F F F F F F F F ok F ko F F F FFF o F

L
*

L
+
[

& F F
ok ko F

o o o F
L
[

LI B T B N RO I B IO B D AL B DAL BN IOE IOC BN IO DO BOE IO DR DK BOE DAL BN DOE DO BOL IO DL DAL IOE DK B BOE DAL BOE BOE BOE DK IR DAL BOL BOE DAL RO IR B )

*

-

*

-

= o o o F

Taie off

-

[

-

*

-
L]
-
-
-
-
L]
-
-
L]
-
L]
L]
-
-
L]
-
-
L]
-
-
L]
-
-
-
L]
-
-
L]
-
-
L]
-
-

& ok o o ko F ko
*

LI I I N N RN R R R R R RN RN R R R EEEERENEENRENENNENENENSE RSN
-

L

[
* o+ F F
o kS

-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-

ok

L

LI}
LI T T IOE BOE RO IOE T DAL IOE DO DAL IO DL DAL IO DA RO DR DAL DA IOR BE 1

[

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
1 -
{‘- L]
- -
[ ] kY
-
& -
A - TMTEEEEEEEER] -
- ok ko -
- -
-
)
- LY - -
-
[ ] -
-
-
-
-
-
-
- -
-
-
-
-
-
-
-
-
-k h -
]
- -
-
- -
-
- -
-
- -
. Ay .
. t:
- -
-
-k ok " - kY
]
-k -
-k
-k -
-
- . -
-
- -
-
- -
-
Wk ok ok ko k h h ok ok ok ok ok ok ok ok ko ok ok h ok ok ok ko h ok ok ok ok ok ok ko h k h ok ok ok ok h ok ko
RN -k ok h h h ok kA kA ok ok ok -k ok ok ok -k O -
- -
-
- -
-
- -
-
- -
-
- -
-
- -
-
- -
-
- -
-
- -
-
- -
-
- -
-
Iy - -
I -
Iy - -
-
- -
rits EFmw ] -
- -
-
- -
-
- -
-
- -
-
- -
-
- -
-
- -
-
- -
-
- -
-
- -
-
- . -
T O e e -
R R R R I I I N
-
- -
-
- -
-
- -
-
- -
-
- -
-
-k -
]
-k -
-k h
.k -
-
- . -
. .
- -
-
- -
u -
-
-
-
-
-
-
-
-
-
-
-
-
-
-

414 S

yeg

*

* F F
* o
[

*

o o F F F F F F F F
& F F

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

LI L I B B L I L I L B I I D D DR DR DL D D O D O O D O B O |
L I I I ]
- -

L)

&+
& F & F F F F F & F F & F
kS

* F &

L] LI
C I I N N I B B I N N N B B N I N N B N N B N I B N I B B N B B ]

US 11,417,223 B2



.S. Patent Aug. 16, 2022

- = ®W T T W W YT TTTWTTTET W TTETETTTWEWTAWETTATYYTYTYTERTETYSCTTYT WROTTYES®RTTrTEwowd AR A oA A oA mrd A o+ oA d S oh A ek A o kS ey Ay
1 ]

Sheet 6 of 8

Y v 4d s Frwowr Fade e+ A od A R e T

’ L]
. r . -
- - i
. . 4 .
- - +
. 1 4 .
- - L3
. r, " .
1. [ - '.
- - +
. 1 4 .

. - - +
. . 4 -

- - L]
' r -

R e R L I e T L T R T L I L LN L T T T T T T e T T T L T T I L T T T T T T T L R
- - +
. k *

- - +
. . 4 .

. . . . - - -
' r " .

» - -
. k 1 '
- - +
. . 4 .
- - . +

. - . . 4 .

- Ll . L
- ', 1 +
. 1 4 .
LI R R T .
LI A B + * F R F R R FRFRTORFRAEROFARMEREAEEN F T R R4 F R AR RTRF R R 1T R O%OECARFREAYEF AT A G LR TR L + % 4 W R T r R F R ERFEAE R R

. . .
. " 4 .
. L3
. " 1
' -
. ' 1 - g
a
. f 4 -
. 1

.illll.l‘-il-lll-.llllll.ﬁ'lllllb.lll
]

a a2

-i-i1.l.\-i1.l.-i-i1.h.-i-hl.l.-i-l,-‘.l.-i1.l.l.-i1.l.l.-i:-il.l.-i-‘.l.l.-i-‘.l.\-l,-‘.l.\-i-‘.l.i-\-‘.-.i-\l.-l.iil.-l.i-‘..

"

"

5

R

B EEE A E E R E E T E E R R E T A EE T ]

L
' n
r 4
i -
F 1
[ a
F L]
i -
k 4
- F 4
F 1
- 4
- r-
F 4
42T T e TEE T T TEE R R T R Y R R R R R R R R R R R E R RN R R R R R E R EE R E R E R ETEE R R R E R E R R R R R R TR RCECECERECEECREERECERCEECRECRCECETRE R R R R W R -
"= " = ®m m %1 E E ET1E EE EE EEFT*E EF71EE=EFrT7E 8 °r7 44 0r7 " " 4LEE E4LEE E - E E ETEESETEEFTTEEFTE FFTEEFITE E L7 EE L7 E-EE ETE N E T L St By
- -
1' F-_ L]
. k 4
- -
. F 4
- -
. F 4
- a
'- F-_ L]
. F 4
- -
. F 4
- L]
-i. F 1
BT L L L FL L L L I T S L
+- F +
L] L]
1 4

- = " % YU T W TIT®swTres w4y W T
e m om o omoEm o oEmE oE omoE Em m m®m m ®=m == = = == = k =
. T
i .

Ll
+ 4 F + 1

. r -TI . - r
- . - . " + -
. » . . .
- - - -
" . ] N . , .
. 2T . A . . ' ' R 'J-'q:i.-- PR
. N a1 ' . .
- - r ' . -
. r " . Vs .
- - . "
. . - . 1 .
4 a . - ' P ' -
. r ' T .
- - - 3 ' +*
- ] . ' o .
- - A - - +
. r . ' ] -
- - v . -
- . - LA .
- - § . ' | -
. . . LY ] .
R - TN RN R A N N N PR . A A A A L] R L
. ' " -
r - ] .
s . ' - - . -
k] ) "\- = - ' ' '.
] . ] .
* - . S, -
r ] -
* - . +*
r ] .
- . -
. - - . .
. . -
. ] ] '
- . "
. ]
- - mm o mwm - - -
et P R e S R R i . e . '
-
' .
. 4
4 .
- *
4 .
- +
. . ] .
'
] '
- . -
4 .
' - +
4 .
. - -
] 1 ‘.I- - 4 q § B J § o
" - 4. 4n - A "
. + L --11.-..1.-- e ey or it
4 .
' +
4 .
' -
. .

EEE T EEE A E R E E T E R E E T A EE T ]

R T TR R R T R R R R R R R R R E R ECRE AR R R
= r s ® ET"EE FTTE = F7E®EFr7E a1 mmrE®

+ + 4+ + A F A AP A S+

a e e e e T e e ey

* FF &

I T T T T T T T T T T T T T T e T T T T T T T T T T T T T T T T T T T T T T R T T R L E R E T E R
W L L L L L L L L L L L L L L L L L L R L L R L L L LR L L 2t L L R L L L LR LR, L L L L L L L L R L LT L,
. - - - . *

" . - r 4 N

- L] - a -

. K . . . .

M - . "

" . . ] ] "

- 4 + - .

- . - r 4 N

" a2 + - . .

. . N
- el -
N Y . ] v
. - F 4 F'|
- * - . r
-‘t'_l_--l-q.++l|+++l--|l++ [ R R PR R T T R ) R AR LR RN R . B R TR TR R T T e T T TR T TR e R *
. . .
- L] L ' y a
. ' ' - N

. . ¥ . "

L] . - - 4 L]

= a + . .

. . . 4 ] "

L] - - - -

' . - ] "
A - . . N,
» - - . .

. - r - 4 N
- * - - -

. - ] - ] "

N L] * - - -

§ - r L] 4 N
R R R R L R R R L R I R T R R L L N L L I

1 - + - . .

. . 3 4 ] "

L] - + - - -

. . ] - ] "
a2 ] - . .

q' " F‘ ‘i. 4 L]
N

. - . 1 L . .
N * 4, -

. - . M . P
. + . . . it e e -

. . . 4 N .

. ] . . ., . e e e -
Ll - . a - "
T [ - P N - e [ T T T T T . Y . T - e - s s R . - e ue . - - -
T T T T T T T T T e e T T e e e T e T R T e T T T T T T S e T T e e e e T +-|"-|.+i--i"-|"++i"1:|-i-|r\'++i-|r\'+"+ i-"lr\'++i-"|.'\'+:l- T e e T e S T W T T e T T T T T T T e T T
- . "
-’ - - . - +

. - r - 4 N r
a2 ] - . . - -

- 1I --I' ', 1. " r" - ;

" . . ] - 1 " .

- - + - - - 1

L] . - F - 4 L]

. - * - .

- . - r - 4 e e e e . L. -

N L] - - " P

' . . - . L . -

ety " = . a )

. . N .

Pl ' 4 + . .

o e e e e e e e e e e e e L e e e e e e e e T s e e e e e e e e e e e e e e e Pl .
‘H{: M R R N R R N IR . -
. a . .

L] - - .

‘h ] - . - L] b L]

o - - = ¥
. - F - 4 L]

- * - . *
. - F 4 L]

L + - - +
. . ] ] "

- b . - L]
' ' . 1 N .
- - -

. - [ ] 4 ~'|
- + - . +

. . 3 4 ] "

- + '- . -i- N - +
. . . N
RN R E R E T T N I A R N T A I A B T R N T A R N I N I T N R I N T IE E T  I  N B A
P e e e e e T e e T P e e T P e e e e e T e T e e T i e e T
» - - . »

. - F - 4
- + - +

. . . - ]

L + - +
) -. iI 1 -

a _ - .

L] - 1
. . 4 ]

- + - +
. . - - ]

- - . -

. . . . 4
n - ' . r

I e T R R - e Toe e s e x e e x s aw s a0 a a s a o= . T T E T T T e T "I T R | [ T
N RN [ R N N R S VR T N SR A A LI R R L R N N S A [ R T A O L R R R

N . . .

L] - + - - +

s . . ] - ]

" a2 ] - . +

. ' - F L 1

4 b L 4 ' +

L] . L] 4 1

- - - - +

" . ] - ]

- 4 - - +

- . F - 4

1\ " F- ﬁ. 4 *

4 - - e ' i L

' .

‘1 - . + .- :' . +
T P T TN T T T T T T . T P T e e e e e e e e
L R Tl A A R R T I L ik I R R e A R L R O R A N

. .

- a2 + . +

f ' . - N

4 L] ’ . +

" . . 4 ] v

L] - + - - +

- . - - 4 L]

. - - * . . *

L] . - - 4 L]

L] - _" - . - +

- 1- l.~ 4+
. N ] N
+ . . +
- - 4 L]
- . . +
rTTTTTTTTTTTTYTTT YT T RT T OTT 4T rFTTTTTTTTTAITTT AT TTTTTT T TTT T FrTT TTrFTTTFETTTFTTTTTTTT T TTTY T T T T
4 ¥ r"|11r|11r|11|‘|1""|1‘||'||'|‘|'||'| ‘1Er|1?r|11r|1=r‘1!r|11||'||'||'||'
Y - -
1' - - 4 L]
- * . . *
. - - 4 L]
4 + - - +
. . - ] "
- - - - L]
' G . - . N
N .
1' - F - 4 P'| T
- - - . . +
. - 3 4 ] "
- + - - - +
. . ] - ] "
a2 ] . . . . +
L R T R T o e A T T A R A A T T T A R R T R T R R R +'-|.'--i+1.'-.1.1.1.-.1.“1-1h.i-l.i'-.-l--l.i.'--i--l.-"‘. 1t PN A +'-|.'-"'||+1.'---"1.-.1.1-1-.1.1.'1.-.1 L T A A AL A R T
'
- - - - +
. . - ] "
4 + - - +
. - - 1 L]
a R o . N, -
N » . . +

" . . 4 ] "

- - + - - +

. . - - ] "

1 + . . +

Ll . - - 4 L]

1, 1 ] ' i . -

Fl [ ] + T - +

" . . ] "

- % 4w ® r2w TTreT T Ta2E T ord sy sy oy sy sy ke YT REE YT OrFE OYTORWR RN - " wm T W OrFEYT®ETFrFaT YT édETSaYT T TAIET YT CYTARAYTYTCYTARY R YTREIYTOCYTCERIERERYTERCYTRERIYTOYROFREON

. e . . N .

-’ - . . . -
a ¥ ' . r

S 11,417,223 B2

T TERA T AT TAATTAIATTAATA A A TA AT TR A AT A A TTAA T TA AT TA AT TA AT TAE AT TN AT w o ¥
i ' L
L <
- ' n
4 <
2 . "
. .

- ' a

* F

. ' -

L r

. - v

. *

- - +

) =

. ' -
B T T I T N T I I T S

L L

- . "

< T

g a

)

- T

.

. -

.

- +

[

. 4

.

- -

.

. €
T T
N A I R R R R N . - A R A A L I T T S e T S Sy R T S Sy A A R

. - n

. T

- ' -

. -

. '

- ]

- . - .

v =

. ' - .

. =

- . '

. -

- "

- N
"t 2w armamrTemara T wown o P R J RN

. _

-4 A -

L 3

. S r r

. P r

- P - r

. =

- . . _ =

) . «

. ' -

L L

g - n

+ T

- - "

. T

. - . a
. R R Y ..:J.'q-'i-.i =" "WTeTy
- 1
r
- +
. r
. - .
=
' L
L

- . - r

+ . T

- Vo - n

) r

. s - a

. N -

b . o -
o R P A J O N T O T I O I T I T R T S o Ay B A A 1

ey i ki i

. =

. . ' P

- -

. . A L

< <

_ . 1

- ' r

- . - n

* . T

K : ' - a

. « W ' ' 1

¥ . 3

- - N
F - - - . [ - momom P -
' 'l . . At T T T LB T ]

. , . = L

L . . -

- : . - L

1 - . <

_ ! . - T

+ . . L

. - - 1

* - . ' -

- fh 1 ' "

. "~ . r

. 1 r 4

- 1. . ]

- . ' - +

v . 5

. - - -

L ' - - a - a - a 4 s -

. g v, "“‘p"*.“"‘ UL T T T TR UL T B UL TS T J R P .

- .

. - n

- <

- 1 - 1

-+ T

B . - N

' . - -

- ' - ' -

L . ]

. . - »

" . . +

- P - 4

v . r

. ' - T

‘-’ I' J* -
A A I N T A R, A R R N R N N R RN
st A AN P e T e e i

+ =

- 1

. x

- - 4

- "

. ' -

L r

. - "

. -

- - 4

) =

- - =

. -

. - .

L <

_ . 1
i . ~
. L] 1

[} r

i - .

. T

. ' 1

. L

- - +

[ ]

. - .

. =

- - P

. ' L

L <

- - n

+ r

. “r *
R R R R R R e R P e N L R A N R R N R B R R R R R R R R R R

" J" -

- .

. +

A

'.:'3\-;”:7 3%

Y
5:,,’;.

. - r
N . r .
.l * I-. lr
§ ©L ©L . .
N . - -
. - + .

L] . r *

. . ] -

. . - L3

" n = - .
9 d

f. L8

. - -

s T = s s m a2 a m a2 a m aw w mom L
i~‘f++‘f1+“'++ﬂ++‘ L "‘
’ » -

. .
L
~'| + L8
. . *
. . +
L] - L
. - * .
4 - - -
N . - .
. - - L
L] . - L8
L] - L Ll
. . - -
L] L = Ll
L] - L]
L N R A N R R T T R, i ’ A * N
. 4 Ly " £ . -
. . . A e e e .
N i . - - .
. - . - - - -
r o 1 . T r
- - r . - .
i PR . . L
L - - . . ' . -
- L Ll
. . - -
bl - - Ll
L] . - L]
. - - -
L] . r L]
r n - .
I T N AT [ e Lk ke . T L S S A S T Y
L] i“i + + 'i‘\'i 4 + i‘i\"" + 1‘" L9 +\|+ l‘hb +.\‘+ “l'\..'\'l+ +‘l.hl +.\‘+ [ ] +"+ Ihi\'i' + i‘i + 4 4 4 + + 'i.\l'+ + 'i-"l- L | +.\‘+ l:
. -
. - - -
L] . r L]
N . . —
. " - L3
N - .
. . w
L] - L Ll
. - [ 8
- - -
. - .
L I-. -_1
9 - = -
. - -
- ¥ . "
e o e e o L e e R e e e e e e
I A A T T N T L A A R
n = - ¥
'
9 d .Ill. -
. r L8
- - L
. - L
- L Ll
. - -
» = -
' - .
L L .
. r L8
. * -
. - +
- L L] .
I N o I I I I I I o I A A O N I T A N T ]
R e T T e e T e I P T e T e I
- L
. r L8
- L Ll
. - L3
- L Ll
L] . r L]
. - - - .
N + f .
. . r I
. - -+ -
. - +
- - -
[ - .
I‘I. . a
- ¥
"
-
.
)
L]
* L8
L] 9
. <
L] -
L] L]
. ~
L] L]
1] L
. I
L] + L

e e oo S S P
S L A L R N N N RN

. . .
. ] ] -
. . . o L3
v . v w
L] + L =
L] . - -+
. - - .
L] - r L]
N . . —
. ', - -
L] L =
. . . a
. - ¥ r
L] . - *
. 3 -
- rTrTTrFTTTFTTTTTTTTTTTTITTTITTTTTYTTTT TR TTITFTTT.RETT T ¥
L 4 -+ t L) = = LI 11
. . r .
. = L8
- ‘ .
. - -+
L] - + L]
. . -
N . . _
L] L) - L]
L .
rl. " r L8
. . - -
. . - L3
L] - - Ll
. . - .
." ¥ I“ I‘l. L]

. Y T, e e e e e e
R T I T e I I e N LI R A R R A

. . .

L] - L L]

. . . -
L] - + -

L] - - L]
% . . .

N ' v -
. L - -

. . 1
L] - L L]

. . - .
. ) - -

L] . r L]
. ] ] -

N ' -
§ ©L r .

. - . - <
4 r 2 m " rfr 7% 7T T T T ETRARET TR OCYTRERE YT TR CTREY R wormw oy ormyworw ooyl T OWERTETROEROERSRETEROEROERYTEOROW
4 . 1] -
.- - » -

L] . . - L]
. r -

RN "“"'h RSN NN
RESEE BIRR §



S. Patent Aug. 16, 2022 Sheet 7 of 8 S 11.417.223 B2

L L N N N N N N N N N N N NN N N N N N N N B N N B B
-

o
o o o F F FF
[

-

*

[
o & kS

[N

-
[

-
L]
L]
-
-
L]
-
-
L]
-
L]

-
L N I B N N B N B N N B N N N B N I N N B N I B B N I B B B B I I N I DA A IO DL DAL IO IO DAL IOE DAL DK DOE DO DO L DK DK IOE DAL DA DL DOC DO IO DK DK IOE BOE BOE BOE T DAL IOE DOK BOL IOL BOC DAL DOE DAC BOK BOE BOE DK DL IOL DAL IOL DL DO IO DAL BOL IR BAE BEE IOE DAL BN DL DAL DAL BN )

Memaorize prassure on the ground
PO Pressure on UAY

-
L]
-
-
L]
-
-
L]
+
-
-
+
-
-
-
-
L]
-
-
L]
-
-
* -
- 4 4 ko4 = -
- L ]
+ +
- -
-
-
-
L] L]
- - -
. - - 4
L .
. o
L]
-
-
-
+
-
-
-
-
* -
. ol
L]
. .
-
L]
-
-
L]
* -
LEE B B L BN BE U BN DR B BN B DL BN B BN BN DR BN BN B BN BN BE UE BN DR BN BN BN BN BN DR DR BN B BN BN DR DR BN DR DR BN B BN BN DR U BN DL DR BN BE BN BN B DR BN DR BN BN AR BN BN DR DR BN DR BN BN DR BN BN DR DR BN B DR BN DR DN BN BN NN NN U DN BN BN NN BN B BN BN BE BN BN
-
-
-
-
-
LB B |
LR
- 4
4 &
-
-
L I I I e
-
L ]
-
-
L ]
-
-
L ]
-
-
L ]
L ]
-
L ]
-
- - L]
L ] - L]
- - -
L MR h
L ] L] o
- - -
- ] -
L ] h
- - -
- L ]
L ]
L ]
-
L ]
-
-
L ]
-
-
L ]
-
-
L ]
-
-
L ]
L ]
-
* -
iiiiiiiii-i-i-iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
-
-
-
-
-
-
. .
-
- 4 - -
LI 4 4 4
ii-iii-iiiiii-iiiiii-iii-iiiiii-iii-iiiiii-iiiiii-iii-iiiiii-iiiiiiiiiiiiiiiiiiiiiiiiiiii iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii-iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
- - - -
L]
- -
4 &
L ] L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
. - - Lt ]
L) n . .
-
-
-
L]
-
-
L] L] L] L]
L I I B B I B I B I B B B B ) - ol 4 4 4 d h o d o h o h
L]

Measurameant on ground
control station {Pg}?

L N N N NN NN N RN RN NN IR,

L]
- -
-
L]
-
- -
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L B N N B B I DO RO IO BOC AL B IO BN I DK )
L ] L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
' .
L]
- -
-
L] L]
-
-
L]
-
-
L]
-
-
L]
-
-
™ L B B U B B B B DL D D B DN BN D DN D DN DN B NN NN D DL DN DN D DN BN D DN DN DN DN NN BN DN NN DL DN NN DL DR B BN NN B DL DN DN DL DN BN D NN NN D DN DN D NN DN D DN NN N DN D D DN NN DL DN N D DN NN D DN NN D NN R B RE
-
‘iiiii-iiiiiii-iiiiii-ii-iiiii-i-iii-i-i-i-iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
-
-
L]
-
-
L]
-
- .
- L] *
. -
4 - - -
-
L . ] -
-
- 4 4 4
L] - L]
- - -
- - -
L BN ] L
- -
- -
L] L] -
- - L3 3
- ok h ko
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
. -
L I I ]

o o o o F F F F F F ko F F F F F F F F F F F F F F F F F F F F F F ko

kb kb Rk F
E )
Lo

LI A B I I O IOE T DO IOE DO DAL L DAL DAL IO BAE RO DR BOL DAL IO K 1

o F o F F F F FF
o
[

[




U.S. Patent

F00

Aug. 16, 2022

Sheet 8 of 8

Receive flight pressure data
from a flight barometer

Receive demark pressure data
from a demark barometer

Determine a differential fight
altitude estimation based, at

ieast in part, on the received
tlight pressure data and
demark pressure data

Fig. 7

US 11,417,223 B2

702

704

7U6



US 11,417,223 B2

1

FLIGHT ALITTUDE ESTIMATION SYSTEMS
AND METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of and priority to U.S.
Provisional Patent Application No. 62/963,128 filed Jan. 19,

2020 and entitled “FLIGHT ALTITUDE ESTIMATION
SYSTEMS AND METHODS,” which 1s incorporated herein
by reference 1n 1ts entirety.

This application 1s related to International Patent Appli-
cation No. PCT/US2019/025458 filed Apr. 2, 2019 and
entitled “RADIO LINK COVERAGE MAP AND LOSS

MITIGATION SYSTEMS AND METHODS,” which 1s

hereby incorporated by reference in 1ts entirety. PCT/
US2019/025438 claims the benefit of U.S. Provisional Pat-

ent Application No. 62/664,719 filed Apr. 30, 2018 and
entitled “RADIO LINK COVERAGE MAP AND LOSS
MITIGATION SYSTEMS AND METHODS” which is

hereby incorporated by reference 1n 1ts entirety.

This application 1s related to U.S. patent application Ser.
No. 16/088,040 filed Sep. 24, 2018 and entitled “PERSIS-
TENT AERIAL RECONNAISSANCE AND COMMUNI-
CATION SYSTEM,” which 1s hereby incorporated by ret-
erence 1n 1its entirety. U.S. patent application Ser. No.
16/088,040 1s a 35 U.S.C. 371 national stage filing of PCT
Patent Application No. PCT/US2017/0241352 filed Mar. 24,
2017 and entitled “PERSISTENT AERIAL RECONNAIS-
SANCE AND COMMUNICATION SYSTEM,” which 1s
hereby 1incorporated by reference in 1its entirety. PCT/
US2017/024152 claims the benefit of U.S. Provisional pat-
ent Application No. 62/312,887 filed Mar. 24, 2016, U.S.
Provisional Patent Application No. 62/315,873 filed Mar.
31, 2016, U.S. Provisional Patent Application No. 62/321,
292 filed on Apr. 12, 2016, U.S. Provisional Patent Appli-
cation No. 62/420,548 filed on Nov. 10, 2016, U.S. Provi-
sional patent Application No. 62/463,536 filed on Feb. 24,
2017, all of which are hereby incorporated by reference 1n
their entirety.

TECHNICAL FIELD

The present invention relates generally to unmanned
sensor platforms and, more particularly, to systems and
methods for flight altitude estimation of unmanned aerial
vehicles.

BACKGROUND

Modern unmanned sensor platforms, such as unmanned
aerial vehicles (UAVs), remotely operated underwater
vehicles (ROVs), unmanned (water) surface vehicles
(USVs), and unmanned ground vehicles (UGVs) are able to
operate over long distances and 1n all environments; rural,
urban, and even underwater. Operation of such platforms
typically includes real-time data transmissions between the
unmanned sensor platform and a base station, which often
includes a display to efliciently convey telemetry, imagery,
and other sensor data captured by the platform to an opera-
tor. The operator, or a system 1ncorporating such platforms,
1s often required to pilot or otherwise control or monitor an
unmanned sensor platform throughout an entire mission
relying solely on received data from the unmanned sensor
platform. As such, non-automated or unreliably automated
aspects related to safe and precise control of the unmanned
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2

sensor platform can significantly reduce the operational
flexibility of the platform and/or 1ts constituent system.

Thus, there 1s a need in the art for methodologies to
automate or more-reliably automate control of unmanned
sensor platforms and increase the operational flexibility of
such systems.

SUMMARY

Flight altitude estimation systems and related techmques
are provided to improve the operation of unmanned aerial
vehicles (UAVs) and/or unmanned aircraft systems (UASs)
incorporating one or more such UAVs. One or more embodi-
ments of the described flight altitude estimation systems
may advantageously include a communication module to
establish one or more wired and/or wireless communication
links between a ground station and a UAV of the UAS, a
flight barometer to measure and provide an atmospheric
pressure corresponding to an estimated absolute altitude of
the mobile platform, a controller to control operation of the
communication module, the flight barometer, and/or the
mobile platform, and one or more additional sensors to
measure and provide sensor data corresponding to maneu-
vering and/or other operation of the mobile platform. In
various embodiments, such additional sensors may include
a remote sensor system configured to capture sensor data of
a survey area from which a two and/or three dimensional
spatial map of the survey area may be generated. For
example, the mapping system may include one or more
visible spectrum and/or infrared cameras and/or other
remote sensor systems coupled to the UAV.

In one embodiment, a system includes a logic device
configured to communicate with a communication module
and a flight barometer coupled to an unmanned aerial
vehicle (UAV), wherein the communication module 1s con-
figured to establish a communication link with a base station
associated with the mobile platform, the flight barometer 1s
configured to provide flight pressures associated with the
UAYV as 1t maneuvers within a survey area. The logic device
may be configured to receive flight pressure data from the
flight barometer corresponding to one or more positions of
the mobile platform within the survey area; recerve demark
pressure data from a demark barometer coupled to the base
station; and determine a diflerential tlight altitude estimation
based, at least 1n part, on the received flight pressure data
and demark pressure data, a reference tlight pressure corre-
sponding to a thght mitiation location of the UAV, and a
reference demark pressure corresponding to a flight initia-
tion location of the base station.

In another embodiment, a method includes receiving
flight pressure data from a tlight barometer coupled to an
unmanned aerial vehicle (UAV), wherein the tlight barom-
eter 1s configured to provide flight pressures associated with
the UAV as 1t maneuvers within a survey area and the tlight
pressure data corresponds to one or more positions of the
mobile platform within the survey area; receiving demark
pressure data from a demark barometer coupled to the base
station; and determining a differential flight altitude estima-
tion based, at least 1n part, on the received flight pressure
data and demark pressure data, a reference flight pressure
corresponding to a flight initiation location of the UAV, and
a reference demark pressure corresponding to a flight 1ni-
tiation location of the base station.

The scope of the invention 1s defined by the claims, which
are 1ncorporated into this section by reference. A more
complete understanding of embodiments of the present
invention will be afforded to those skilled in the art, as well
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as a realization ol additional advantages thereof, by a
consideration of the following detailed description of one or
more embodiments. Reference will be made to the appended
sheets of drawings that will first be described briefly.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a diagram of an unmanned aircraft
system (UAS) 1n accordance with an embodiment of the
disclosure.

FIG. 2 1llustrates a diagram of mobile platforms (UAVs)
of a UAS 1n accordance with an embodiment of the disclo-
sure.

FIG. 3A illustrates a diagram of a UAS including a
tethered UAV 1n accordance with an embodiment of the
disclosure.

FIG. 3B illustrates a diagram of communication and
power mterconnections for a UAS including a tethered UAV
in accordance with an embodiment of the disclosure.

FIG. 4 1llustrates a flow diagram of a control loop to
determine a flight altitude estimate in accordance with an
embodiment of the disclosure.

FIGS. 5A-B illustrate graphs of atmospheric pressure
trends.

FIG. 6 illustrates a flow diagram of a control loop to
determine a flight altitude estimate in accordance with an
embodiment of the disclosure.

FIG. 7 illustrates a flow diagram of various operations to
provide tlight altitude estimations for a UAS 1n accordance
with an embodiment of the disclosure.

Embodiments of the present mmvention and their advan-
tages are best understood by referring to the detailed
description that follows. It should be appreciated that like
reference numerals are used to i1dentily like elements illus-
trated 1n one or more of the figures.

DETAILED DESCRIPTION

Flight altitude estimation systems and related techniques
are provided to improve the operational flexibility and
reliability of unmanned aircrait systems (UASs) including
unmanned sensor platforms, such as unmanned aeral
vehicles (UAVs). A flight altitude estimation system may
advantageously include a communication module to estab-
lish one or more wired and/or wireless communication links
between a ground station and a UAV of the UAS, a flight
barometer to measure and provide an atmospheric pressure
corresponding to an estimated absolute altitude of the
mobile platform, a controller to control operation of the
communication module, the flight barometer, and/or the
mobile platform, and one or more additional sensors to
measure and provide sensor data corresponding to maneu-
vering and/or other operation of the mobile platform. In
various embodiments, such additional sensors may include
a remote sensor system configured to capture sensor data of
a survey area from which a two and/or three dimensional
spatial map of the survey area may be generated. For
example, the mapping system may include one or more
visible spectrum and/or infrared cameras and/or other
remote sensor systems coupled to the UAV,

Atmospheric pressure 1s a known source for estimating
the altitude for a UAV. The conventional technique to
estimate the above-ground height of a UAV involves using
the diflerence between a live atmospheric pressure reading,
from a flight pressure sensor mounted the UAV and a
non-live reference pressure that is the recorded pressure
when the UAV left the ground. However, ambient atmo-
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spheric pressure 1s always changing due to temperature
rise/drop, weather system movement, etc. Such changes are
typically a relatively slow process compared to the time span
of typical untethered UAV flights, so the assumption of a
constant reference pressure 1s reasonable for flights lasting
less than one hour, for example. By contrast, for tethered
flight, which can be prolonged with continuous supply of
power, the change of ambient pressure renders the recorded
pressure at the ground relatively unreliable. For example, a
200 Pa pressure change, which can occur in a few hours even
on a relatively calm day, equates to about a 20 meter height
estimate drift.

Other sources for estimating height exist, but they are
relatively unreliable and only mitigate the height drift 1ssue
rather than eliminate it. For example, an ultrasound/laser/
lidar sensor or even computer vision usually has limited
detecting range, typically less than 10 meters. Such detec-
tion 1s helpiul when a UAV 1s close to the ground, but not
when the UAV 1s tasked with hovering at a fixed altitude, or
according to designated surveillance routes, high up 1n the
air. Also, such sensors always provide relative measure-
ments, which means they follow the elevation change of
terrain, so 1f a UAV flies over a clifl or exits or enters a forest
of trees, the altitude estimate can jump up/down dramati-
cally and result in unstable flight control. Altitude estimates
from GNSSs (Global Navigation Satellite Systems), such as
GPS, GLONASS, Galileo, and Beidou, are not sufliciently
accurate for reliable autonomous or assisted flight. For
example, GPS altitude error can easily exceed 10 meters.

Atmospheric pressure can provide a reliable way to
estimating tlight altitude, but the reference pressure on the
ground must be updated to compensate for drift. As such,
embodiments described herein include a demark pressure
sensor mounted to a ground control station or base station,
which can provide live or substantially real time ambient
reference pressures to a UAS. With such information, a
relatively reliable flight altitude estimate may be determined
based on the differential atmospheric pressure between a
UAV and its associated base station, as described herein.

FIG. 1 illustrates a block diagram of UAS 100 in accor-
dance with an embodiment of the disclosure. In some
embodiments, system 100 may be configured to fly over a
scene, through a structure, or approach a target and image or
sense the scene, structure, or target, or portions thereof,
using gimbal system 122 to aim i1maging system/sensor
payload 140 at the scene, structure, or target, or portions
thereof. Resulting imagery and/or other sensor data may be
processed (e.g., by sensor payload 140, platform 110, and/or
base station 130) and displayed to a user through use of user
interface 132 (e.g., one or more displays such as a multi-
function display (MFD), a portable electronic device such as
a tablet, laptop, or smart phone, or other appropriate inter-
face) and/or stored 1 memory for later viewing and/or
analysis. In some embodiments, system 100 may be config-
ured to use such imagery and/or sensor data to control
operation of platform 110 and/or sensor payload 140, as
described herein, such as controlling gimbal system 122 to
aim sensor payload 140 towards a particular direction or
controlling propulsion system 124 to move platform 110 to
a desired position 1n a scene or structure or relative to a
target.

In the embodiment shown 1n FIG. 1, UAS 100 includes
plattorm 110, optional base station 130, and at least one
imaging system/sensor payload 140. Platform 110 may be a
mobile platform configured to move or fly and position
and/or aim sensor payload 140 (e.g., relative to a designated
or detected target). As shown in FIG. 1, platform 110 may
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include one or more of a controller 112, an orientation sensor
114, a gyroscope/accelerometer 116, a global navigation
satellite system (GNSS) 118, a communications module
120, a gimbal system 122, a propulsion system 124, and
other modules 126. Operation of platform 110 may be
substantially autonomous and/or partially or completely
controlled by optional base station 130, which may include
one or more of a user interface 132, a communications
module 134, and other modules 136. In other embodiments,
plattorm 110 may include one or more of the elements of
base station 130, such as with various types of manned
aircraft, terrestrial vehicles, and/or surface or subsurface
watercrait. Sensor payload 140 may be physically coupled
to platiorm 110 and be configured to capture sensor data
(c.g., visible spectrum images, infrared i1mages, narrow
aperture radar data, and/or other sensor data) of a target
position, area, and/or object(s) as selected and/or framed by
operation of platform 110 and/or base station 130. In some
embodiments, one or more of the elements of system 100
may be implemented in a combined housing or structure that
can be coupled to or within platform 110 and/or held or
carried by a user of system 100.

Controller 112 may be implemented as any approprate
logic device (e.g., processing device, microcontroller, pro-
cessor, application specific integrated circuit (ASIC), field
programmable gate array (FPGA), memory storage device,
memory reader, or other device or combinations of devices)
that may be adapted to execute, store, and/or recerve appro-
priate instructions, such as software instructions implement-
ing a control loop for controlling various operations of
plattorm 110 and/or other elements of system 100, for
example. Such software instructions may also 1mplement
methods for processing inifrared images and/or other sensor
signals, determining sensor information, providing user
teedback (e.g., through user intertace 132), querying devices
for operational parameters, selecting operational parameters
for devices, or performing any of the various operations
described heremn (e.g., operations performed by logic
devices of various devices of system 100).

In addition, a non-transitory medium may be provided for
storing machine readable instructions for loading into and
execution by controller 112. In these and other embodi-
ments, controller 112 may be implemented with other com-
ponents where appropriate, such as volatile memory, non-
volatile memory, one or more interfaces, and/or various
analog and/or digital components for interfacing with
devices of system 100. For example, controller 112 may be
adapted to store sensor signals, sensor information, param-
eters for coordinate frame transformations, calibration
parameters, sets of calibration points, and/or other opera-
tional parameters, over time, for example, and provide such
stored data to a user using user interface 132. In some
embodiments, controller 112 may be integrated with one or
more other elements of platform 110, for example, or
distributed as multiple logic devices within platform 110,
base station 130, and/or sensor payload 140.

In some embodiments, controller 112 may be configured
to substantially continuously monitor and/or store the status
of and/or sensor data provided by one or more elements of
platform 110, sensor payload 140, and/or base station 130,
such as the position and/or orientation of platform 110,
sensor payload 140, and/or base station 130, for example,
and the status of a communication link established between
platform 110, sensor payload 140, and/or base station 130
(e.g., including packet loss of transmitted and received data
between elements of system 100, such as with digital
communication links). In particular, packet loss 1s tradition-
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ally estimated as a percentage of packets lost vs packets sent
to a designated target. However, controller 112 may also be
configured to categorize packet loss, such as a simplified
scaling methodology that may be used to categorize the
amount ol packet loss acceptable for a specific use of
plattorm 110 and/or sensor payload 140. Regardless, such
communication links may be configured to be established
and then transmit data between eclements of system 100
substantially continuously throughout operation of system
100, where such data includes various types of sensor data,
control parameters, and/or other data.

Orientation sensor 114 may be implemented as one or
more of a compass, float, accelerometer, and/or other device
capable of measuring an orientation of platiorm 110 (e.g.,
magnitude and direction of roll, pitch, and/or yaw, relative
to one or more reference orientations such as gravity and/or
Magnetic North), gimbal system 122, imaging system/sen-
sor payload 140, and/or other elements of system 100, and
providing such measurements as sensor signals and/or data
that may be communicated to various devices of system 100.
Gyroscope/accelerometer 116 may be implemented as one
or more electronic sextants, semiconductor devices, inte-
grated chips, accelerometer sensors, accelerometer sensor
systems, or other devices capable of measuring angular
velocities/accelerations and/or linear accelerations (e.g.,
direction and magnitude) of platform 110 and/or other
clements of system 100 and providing such measurements as
sensor signals and/or data that may be communicated to
other devices of system 100 (e.g., user interface 132, con-
troller 112).

GNSS 118 may be implemented according to any global
navigation satellite system, including a GPS, GLONASS,
and/or Galileo based receiver and/or other device capable of
determining absolute and/or relative position of platform
110 (e.g., or an element of platform 110) based on wireless
signals received from space-born and/or terrestrial sources
(e.g., eLoran, and/or other at least partially terrestrial sys-
tems), for example, and capable of providing such measure-
ments as sensor signals and/or data (e.g., coordinates) that
may be communicated to various devices of system 100. In
some embodiments, GNSS 118 may include an altimeter, for
example, or may be used to provide an absolute altitude.

Communications module 120 may be implemented as any
wired and/or wireless communications module configured to
transmit and receive analog and/or digital signals between
clements of system 100. For example, communications
module 120 may be configured to receive thght control
signals and/or data from base station 130 and provide them
to controller 112 and/or propulsion system 124. In other
embodiments, communications module 120 may be config-
ured to receive images and/or other sensor information (e.g.,
visible spectrum and/or infrared still 1mages or wvideo
images) from sensor payload 140 and relay the sensor data
to controller 112 and/or base station 130. In some embodi-
ments, communications module 120 may be configured to
support spread spectrum transmissions, for example, and/or
multiple simultaneous communications channels between
clements of system 100. Wireless communication links may
include one or more analog and/or digital radio communi-
cation links, such as WiF1 and others, as described herein,
and may be direct communication links established between
clements of system 100, for example, or may be relayed
through one or more wireless relay stations configured to
receive and retransmit wireless communications.

In some embodiments, communications module 120 may
be configured to monitor the status of a communication link
established between platform 110, sensor payload 140, and/
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or base station 130 (e.g., including packet loss of transmitted
and received data between elements of system 100, such as
with digital communication links). Such status information
may be provided to controller 112, for example, or trans-
mitted to other elements of system 100 for monitoring,
storage, or further processing, as described herein. In par-
ticular, communications module 120 may be configured to
monitor packet loss of communications between platform
110 and base station 130 and/or categorize such packet loss
according to an acceptable level of packet loss for a par-
ticular use or application associated with operation and/or a
status of platform 110 and/or other elements of system 100.
Regardless, communication links established by communi-
cation module 120 may be configured to transmit data
between elements of system 100 substantially continuously
throughout operation of system 100, where such data
includes various types of sensor data, control parameters,
and/or other data, as described herein.

In some embodiments, gimbal system 122 may be imple-
mented as an actuated gimbal mount, for example, that may
be controlled by controller 112 to stabilize sensor payload
140 relative to a target or to aim sensor payload 140
according to a desired direction and/or relative position. As
such, gimbal system 122 may be configured to provide a
relative orientation of sensor payload 140 (e.g., relative to an
orientation of platform 110) to controller 112 and/or com-
munications module 120 (e.g., gimbal system 122 may
include its own orientation sensor 114). In other embodi-
ments, gimbal system 122 may be implemented as a gravity
driven mount (e.g., non-actuated). In various embodiments,
gimbal system 122 may be configured to provide power,
support wired communications, and/or otherwise facilitate
operation of articulated sensor/sensor payload 140. In fur-
ther embodiments, gimbal system 122 may be configured to
couple to a laser pointer, range finder, and/or other device,
for example, to support, stabilize, power, and/or aim mul-
tiple devices (e.g., sensor payload 140 and one or more other
devices) substantially simultaneously.

Propulsion system 124 may be implemented as one or
more propellers, turbines, or other thrust-based propulsion
systems, and/or other types of propulsion systems that can
be used to provide motive force and/or lift to platform 110
and/or to steer platform 110. In some embodiments, propul-
sion system 124 may include multiple propellers (e.g., a tr1,
quad, hex, oct, or other type “copter”) that can be controlled
(c¢.g., by controller 112) to provide lift and motion for
platform 110 and to provide an orientation for platform 110.
In other embodiments, propulsion system 110 may be con-
figured primarily to provide thrust while other structures of
platform 110 provide lift, such as in a fixed wing embodi-
ment (e.g., where wings provide the lift) and/or an aerostat
embodiment (e.g., balloons, airships, hybrid aerostats). In
various embodiments, propulsion system 124 may be imple-
mented with a portable power supply, such as a battery
and/or a combustion engine/generator and fuel supply.

Other modules 126 may include other and/or additional
sensors, actuators, communications modules/nodes, and/or
user interface devices, for instance, and may be used to
provide additional environmental information related to
operation of platform 110, for example. In some embodi-
ments, other modules 126 may include a humidity sensor, a
wind and/or water temperature sensor, a barometer (e.g., a
flight barometer), an altimeter, a radar system, a proximity
sensor, a visible spectrum camera or iirared camera (with
an additional mount), an 1rradiance detector, and/or other
environmental sensors providing measurements and/or other
sensor signals that can be displayed to a user and/or used by
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other devices of system 100 (e.g., controller 112) to provide
operational control of platform 110 and/or system 100.

In some embodiments, other modules 126 may include
one or more actuated and/or articulated devices (e.g., multi-
spectrum active illuminators, visible and/or IR cameras,
radars, sonars, and/or other actuated devices) coupled to
plattorm 110, where each actuated device includes one or
more actuators adapted to adjust an orientation of the device,
relative to platform 110, in response to one or more control
signals (e.g., provided by controller 112). In particular, other
modules 126 may include a stereo vision system configured
to provide image data that may be used to calculate or
estimate a position of plattorm 110, for example, or to
calculate or estimate a relative position of a navigational
hazard 1n proximity to platform 110. In various embodi-
ments, controller 130 may be configured to use such prox-
imity and/or position information to help safely pilot plat-
form 110 and/or monitor communication link quality, as
described herein. One or more such cameras/vision systems
(e.g., other modules 126) may be used as a position sensor
and configured to provide a position of platform 110 via
visual odometry, simultaneous localization and mapping
(SLAM), and/or other techmiques, as a supplement and/or
alternative to GNSS 118, such as when GNSS signals are
ellective blocked or jammed by walls, buildings, and/or
environmental electromagnetic noise.

User mterface 132 of base station 130 may be imple-
mented as one or more ol a display, a touch screen, a
keyboard, a mouse, a joystick, a knob, a steering wheel, a
yoke, and/or any other device capable of accepting user
mnput and/or providing feedback to a user. In various
embodiments, user interface 132 may be adapted to provide
user mput (e.g., as a type of signal and/or sensor information
transmitted by communications module 134 of base station
130) to other devices of system 100, such as controller 112.
User interface 132 may also be implemented with one or
more logic devices (e.g., similar to controller 112) that may
be adapted to store and/or execute instructions, such as
software instructions, implementing any of the various pro-
cesses and/or methods described herein. For example, user
interface 132 may be adapted to form communication links,
transmit and/or receive communications (e.g., inirared
images and/or other sensor signals, control signals, sensor
information, user input, and/or other information), for
example, or to perform various other processes and/or
methods described herein.

In one embodiment, user mterface 132 may be adapted to
display a time series of various sensor information and/or
other parameters as part of or overlaid on a graph or map,
which may be referenced to a position and/or orientation of
plattorm 110 and/or other elements of system 100. For
example, user imnterface 132 may be adapted to display a time
series of positions, headings, and/or orientations of platform
110 and/or other elements of system 100 overlaid on a
geographical map, which may include one or more graphs
indicating a corresponding time series ol actuator control
signals, sensor information, and/or other sensor and/or con-
trol signals.

In some embodiments, user iterface 132 may be adapted
to accept user mput including a user-defined target heading,
waypoint, route, and/or orientation for an element of system
100, for example, and to generate control signals to cause
plattorm 110 to move according to the target heading, route,
and/or orientation, or to aim sensor payload 140 accordingly.
In other embodiments, user interface 132 may be adapted to
accept user input modifying a control loop parameter of
controller 112, for example.




US 11,417,223 B2

9

In further embodiments, user interface 132 may be
adapted to accept user mput including a user-defined target
attitude, orientation, and/or position for an actuated or
articulated device (e.g., sensor payload 140) associated with
platform 110, for example, and to generate control signals
for adjusting an orientation and/or position of the actuated
device according to the target attitude, orientation, and/or
position. Such control signals may be transmitted to con-
troller 112 (e.g., using communications modules 134 and
120), which may then control platform 110 accordingly.

Communications module 134 may be implemented as any
wired and/or wireless communications module configured to
transmit and receive analog and/or digital signals between
clements of system 100. For example, communications
module 134 may be configured to transmit tlight control
signals from user interface 132 to communications module
120 or 144. In other embodiments, communications module
134 may be configured to receive sensor data (e.g., visible
spectrum and/or infrared still images or video images, or
other sensor data) from sensor payload 140. In some
embodiments, communications module 134 may be config-
ured to support spread spectrum transmissions, for example,
and/or multiple simultaneous communications channels
between elements of system 100. In various embodiments,
communications module 134 may be configured to monitor
the status of a communication link established between base
station 130, sensor payload 140, and/or platform 110 (e.g.,
including packet loss of transmitted and received data
between elements of system 100, such as with digital
communication links), as described herein. Such status
information may be provided to user interface 132, for
example, or transmitted to other elements of system 100 for
monitoring, storage, or lfurther processing, as described
herein.

Other modules 136 of base station 130 may include other
and/or additional sensors, actuators, communications mod-
ules/nodes, and/or user interface devices used to provide
additional environmental information associated with base
station 130, for example. In some embodiments, other
modules 136 may include a humidity sensor, a wind and/or
water temperature sensor, a barometer (e.g., a demark
barometer), a radar system, a visible spectrum camera, an
infrared camera, a GNSS, and/or other environmental sen-
sors providing measurements and/or other sensor signals
that can be displayed to a user and/or used by other devices
of system 100 (e.g., controller 112) to provide operational
control of platform 110 and/or system 100 or to process
sensor data to compensate for environmental conditions,
such as an water content in the atmosphere approximately at
the same altitude and/or within the same area as platform
110 and/or base station 130, for example. In some embodi-
ments, other modules 136 may include one or more actuated
and/or articulated devices (e.g., multi-spectrum active 1llu-
minators, visible and/or IR cameras, radars, sonars, and/or
other actuated devices), where each actuated device includes
one or more actuators adapted to adjust an orientation of the
device 1n response to one or more control signals (e.g.,
provided by user interface 132).

In embodiments where 1maging system/sensor payload
140 1s implemented as an 1imaging device, imaging system/
sensor payload 140 may include imaging module 142, which
may be implemented as a cooled and/or uncooled array of
detector elements, such as visible spectrum and/or infrared
sensitive detector elements, including quantum well infrared
photodetector elements, bolometer or microbolometer based
detector elements, type II superlattice based detector ele-
ments, and/or other infrared spectrum detector elements that
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can be arranged in a focal plane array. In various embodi-
ments, imaging module 142 may include one or more logic
devices (e.g., similar to controller 112) that can be config-
ured to process 1magery captured by detector elements of
imaging module 142 before providing the imagery to
memory 146 or communications module 144. More gener-
ally, imaging module 142 may be configured to perform any
of the operations or methods described herein, at least 1n
part, or 1n combination with controller 112 and/or user
interface 132.

In some embodiments, sensor payload 140 may be imple-
mented with a second or additional imaging modules similar
to 1maging module 142, for example, that may include
detector elements configured to detect other electromagnetic
spectrums, such as visible light, ultraviolet, and/or other
clectromagnetic spectrums or subsets of such spectrums. In
various embodiments, such additional imaging modules may
be calibrated or registered to imaging module 142 such that
images captured by each imaging module occupy a known
and at least partially overlapping field of view of the other
imaging modules, thereby allowing diflerent spectrum
images to be geometrically registered to each other (e.g., by
scaling and/or positioning). In some embodiments, different
spectrum 1mages may be registered to each other using
pattern recognition processing 1n addition or as an alterna-
tive to reliance on a known overlapping field of view.

Communications module 144 of sensor payload 140 may
be implemented as any wired and/or wireless communica-
tions module configured to transmit and receirve analog
and/or digital signals between elements of system 100. For
example, communications module 144 may be configured to
transmit infrared 1images from 1maging module 142 to com-
munications module 120 or 134. In other embodiments,
communications module 144 may be configured to receive
control signals (e.g., control signals directing capture, focus,
selective filtering, and/or other operation of sensor payload
140) from controller 112 and/or user interface 132. In some
embodiments, communications module 144 may be config-
ured to support spread spectrum transmissions, for example,
and/or multiple simultaneous commumnications channels
between elements of system 100. In various embodiments,
communications module 144 may be configured to monitor
the status of a commumication link established between
sensor payload 140, base station 130, and/or platform 110
(e.g., including packet loss of transmitted and recerved data
between elements of system 100, such as with digital
communication links), as described herein. Such status
information may be provided to imaging module 142, for
example, or transmitted to other elements of system 100 for
monitoring, storage, or lurther processing, as described
herein.

Memory 146 may be mmplemented as one or more
machine readable mediums and/or logic devices configured
to store software 1nstructions, sensor signals, control signals,
operational parameters, calibration parameters, nfrared
images, and/or other data facilitating operation of system
100, for example, and provide 1t to various elements of
system 100. Memory 146 may also be implemented, at least
in part, as removable memory, such as a secure digital
memory card for example including an interface for such
memory.

Orientation sensor 148 of sensor payload 140 may be
implemented similar to orientation sensor 114 or gyroscope/
accelerometer 116, and/or any other device capable of
measuring an orientation of sensor payload 140, imaging
module 142, and/or other elements of sensor payload 140
(e.g., magnitude and direction of roll, pitch, and/or yaw,
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relative to one or more reference orientations such as gravity
and/or Magnetic North) and providing such measurements
as sensor signals that may be communicated to various
devices of system 100. Gyroscope/accelerometer (e.g.,
angular motion sensor) 150 of sensor payload 140 may be
implemented as one or more electronic sextants, semicon-
ductor devices, integrated chips, accelerometer sensors,
accelerometer sensor systems, or other devices capable of
measuring angular velocities/accelerations (e.g., angular
motion) and/or linear accelerations (e.g., direction and mag-
nitude) of sensor payload 140 and/or various elements of
sensor payload 140 and providing such measurements as
sensor signals that may be communicated to various devices
of system 100.

Other modules 152 of sensor payload 140 may include
other and/or additional sensors, actuators, communications
modules/nodes, cooled or uncooled optical filters, and/or
user interface devices used to provide additional environ-
mental information associated with sensor payload 140, for
example. In some embodiments, other modules 152 may
include a humidity sensor, a wind and/or water temperature
sensor, a barometer (e.g., a payload barometer), a radar
system, a visible spectrum camera, an infrared camera, a
GNSS, and/or other environmental sensors providing mea-
surements and/or other sensor signals that can be displayed
to a user and/or used by i1maging module 142 or other
devices of system 100 (e.g., controller 112) to provide
operational control of platform 110 and/or system 100 or to
process 1magery to compensate for environmental condi-
tions.

In general, each of the elements of system 100 may be
implemented with any appropriate logic device (e.g., pro-
cessing device, microcontroller, processor, application spe-
cific itegrated circuit (ASIC), field programmable gate
array (FPGA), memory storage device, memory reader, or
other device or combinations of devices) that may be
adapted to execute, store, and/or receive appropriate mstruc-
tions, such as software instructions implementing a method
tor providing sensor data and/or 1imagery, for example, or for
transmitting and/or receiving communications, such as sen-
sor signals, sensor information, and/or control signals,
between one or more devices of system 100.

In addition, one or more non-transitory mediums may be
provided for storing machine readable instructions for load-
ing nto and execution by any logic device implemented
with one or more of the devices of system 100. In these and
other embodiments, the logic devices may be implemented
with other components where appropriate, such as volatile
memory, non-volatile memory, and/or one or more inter-
faces (e.g., mter-integrated circuit (12C) interfaces, mobile
industry processor iterfaces (MIPI), joint test action group
(JTAG) interfaces (e.g., IEEE 1149.1 standard test access
port and boundary-scan architecture), and/or other inter-
faces, such as an interface for one or more antennas, or an
interface for a particular type of sensor).

Sensor signals, control signals, and other signals may be
communicated among eclements of system 100 using a
variety of wired and/or wireless communication techniques,
including voltage signaling, Ethernet, WiF1, Bluetooth, Zig-
bee, Xbee, Micronet, or other medium and/or short range
wired and/or wireless networking protocols and/or 1mple-
mentations, for example. In such embodiments, each ele-
ment of system 100 may include one or more modules
supporting wired, wireless, and/or a combination of wired
and wireless communication techniques. In some embodi-
ments, various elements or portions of elements of system
100 may be integrated with each other, for example, or may

5

10

15

20

25

30

35

40

45

50

55

60

65

12

be integrated onto a single printed circuit board (PCB) to
reduce system complexity, manufacturing costs, power
requirements, coordinate frame errors, and/or timing errors
between the various sensor measurements.

Each element of system 100 may include one or more
batteries, capacitors, or other electrical power storage
devices, for example, and may include one or more solar cell
modules or other electrical power generating devices. In
some embodiments, one or more of the devices may be
powered by a power source for platform 110, using one or
more power leads. Such power leads may also be used to
support one or more communication techniques between
clements of system 100.

FIG. 2 illustrates a diagram of mobile platiforms (UAVs)
110A and 110B of UAS 200 including imaging systems/
sensor payloads 140 and associated gimbal systems 122 1n
accordance with an embodiment of the disclosure. In the
embodiment shown 1in FIG. 2, UAS 200 includes base
station 130, UAV 110A with articulated 1imaging system/
sensor payload 140 and gimbal system 122, and UAV 110B
with articulated imaging system/sensor payload 140 and
gimbal system 122, where base station 130 may be config-
ured to control motion, position, and/or orientation of UAV
110A, UAV 110B, and/or sensor payloads 140.

Many UAVs are designed to fly or hover during their
reconnaissance or observation missions while powered by
an onboard battery that 1s required to supply power for
propulsion, onboard sensors, and other electronics. The
battery life therefore provides a maximum mission length
for the UAV. Other UAV's may be configured to be powered
via a microfilament deployed from a ground location during
their operation thereby extending mission length while
restricting the mission tlight area 1n most cases based on the
length of the filament. Embodiments described herein may
include controlled operation of tethered UAVs with which
power, control, and communication signals are transmitted
to the UAV. The control station (e.g., base station 130) and
UAV 1nclude power management systems and control cir-
cuits to control takeofl, tlight operation, and landing of the
UAV. One or more controllers located with the control
station, on the UAV or connected by a communications
network are configured to execute instructions to operate the
system. In one embodiment, a UAV may draw power from
remote sources (via tether), from on-board batteries, or from
both, as required by operator command or by autonomous
control. This ability allows, among other features, a ground
or water based UAV to have a power source for sale,
controlled landings upon interruption of a tethered power
source.

Various embodiments of a UAS, as described herein,
include a tether management system having a relatively high
tether deployment and retrieval rate. A static assembly can
be used on which the tether can be positioned for deploy-
ment and retrieval. A moveable actuator may contact the
tether to separate the tether from the static assembly during
deployment or retrieval in response to commands from a
control system that responds to both manual and stored
instructions to coordinate tether management with UAV
flight control functions.

In some embodiments, a UAS 1ncorporating a tethered
UAV may be referred to as a Persistent Aerial Reconnais-
sance and Communication (PARC) System that offers
extended flight time for the UAV through the use of micro-
filament, which may be implemented by a pair of threadlike
wires that can transmit over a kilowatt of power to the UAV
while also enabling transmission of bi-directional control
and or sensor data, including high-definition video. A PARC
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system may be rapidly deployed as a low-maintenance UAV
based UAS that allows cameras, radios, or other payloads to
remain in operation for long durations. A PARC system may
be designed to be mtuitively simple to launch/land, and a
small logistics footprint may make the system appropriate
for austere environments. A PARC system may require
mimmal training for operations and maintenance. A PARC
system may be designed for quick and simplified deploy-
ment to mimmize operator management while maximizing,
capability provided 1n terms of communications extension,
force protection, persistent stare, and tactical intelligence.

FIG. 3A illustrates a diagram of a UAS 300 including a
tethered UAV 110 1n accordance with an embodiment of the
disclosure. In some embodiments, UAS 300 may be imple-
mented as a PARC system. UAS 300 includes tethered UAV
110 equipped with a payload 140, a tether management
system 360, and a base station 330. UAS 300 may also
include a data platform adapter/media converter (DPA/MC)
334 that 1s coupled to an operator control unit (OCU) 332.
Payload 140 may be a camera, radar, or other type of
survelllance, communication, or other sensor required by a
particular application of the PARC system. In general,
system 300 may be an embodiment of system 100 of FIG.
1, where each of base station 330, OCU 332, DPA/MC 334,
and/or tether management system 360 may be elements of
base station 130 (e.g., and/or other modules 136) of system
100.

Tether management system 360 may be a ground based
component that includes a spool assembly that houses a
tether spool assembly, which may be a cylindrical hub that
holds a pre-wound amount of micro-filament tether to be
attached to UAV 110. For example, 1n one embodiment, the
spool assembly may hold 167.6 meters (5350 feet) of micro-
filament tether. In one embodiment, the micro-filament
tether may be Kevlar-jacketed twisted copper pair with
insulation that provides both a power link and a communi-
cation link between tether management system 360 and
UAV 110. Base station 330 may be connected to tether
management system 360. Base station 330 may include an
assembly that houses an AC power input and high voltage
conversion electronics 1n an environmentally sealed enclo-
sure. Base station 330 may also include a high voltage
output port to supply high voltage to tether management
system 360, which delivers the high voltage via the micro-
filament to UAV 110. A data platform adapter/media con-
verter (DPA/MC) 334 may serve the function of connecting
OCU 332 to base station 330 while also providing electrical
shock hazard 1solation. DPA/MC 334 may include an optical
port to connect to base station 330 via a fiber optic cable and
may also include an Ethernet port to connect to OCU 332.
OCU 332 may be a ruggedized laptop or other computing
device equipped with and able to execute an OCU applica-
tion enabling control of UAV 110. Further details regarding,
the operation of tethered and untethered vehicles can be
found 1n U.S. Pat. Nos. 7,510,142 and 7,631,834, the entire
contents of which are incorporated herein by reference.

FIG. 3B illustrates a diagram of communication and
power mterconnections for UAS 300 1n accordance with an
embodiment of the disclosure. As shown 1n FIG. 3B, base
station 330 may convert power (e.g., provided by source
336) to high voltage power and provide high voltage power
to tether management system 360. Base station 330 may also
provide a communication link over Ethernet and low voltage
power to tether management system 360. Tether manage-
ment system 360 may provide the high voltage power over
the microfilament tether to UAV 110 for use for energy
intensive operations such as radar sensing and propulsion
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during flight operations. As noted above, the microfilament
may also provide a communication pathway used to com-

municate with UAV 110 by an operator of OCU 332 and/or
UAS 300. DPA/MC 334 may communicate with base station
330 over an optical fiber and communicate with OCU 332
over an Ethernet connection.

For UAVs, especially quadcopters, which are not able or
permitted to ascend very high, the height above ground level
(AGL) 1s generally more important than altitude/elevation
above sea level (ASL) (e.g., the absolute altitude), due to
risk of collision with trees and/or buildings that project from
and are therefore referenced to the local ground altitude.

A substantially real time flight altitude may be estimated
based on real time measurements of atmospheric pressure
using a tlight barometer mounted to the UAV and Pascal’s
Law: AP=pgAh, where AP 1s the diflerence in pressure
between the tlight pressure at the UAV and a reference
demark pressure (given in pascals 1n the SI system) at the
ground station; p 1s the (average) local air density (in
kilograms per cubic meter 1in the SI system); g 1s acceleration
due to gravity (in meters per second squared in the SI
system); and Ah 1s the difference 1n elevation between the
same two positions (of the UAV and the ground station) used
to determine AP (1n meters 1n the SI system). However, 11 the
reference demark pressure 1s assumed to be constant, such
determination 1s subject to significant drift when the UAV 1s
aloft for relatively long periods of time (e.g., beyond 0.5
hours or more).

For example, the take-oil position (home position) may be
used as the position to measure the reference demark pres-
sure, and that reference demark pressure may be provided by
cither the flight barometer or the demark barometer and
stored before take-off. Under such conditions, the flight
altitude or height estimate 1s: H=(P0-P)/pg, where H 1s the
tlight altitude estimate; PO 1s the reference demark pressure;
P 1s the ambient flight pressure measured at the UAV from
the tlight barometer; p (the local air density) can be set to a
proper value or calculated by P/RT, where the gas constant
for dry air R=287.038 J/(kg'K) and T i1s the ambient tem-
perature 1 K; and g 1s set to 9.81 m/s2. An example flow
diagram of a control loop 400 to determine a flight altitude
estimate, where the reference demark pressure 1s assumed to
be constant, 1s provided 1n FIG. 4.

In particular, block 402 of control loop 400 represents
initiation of execution of control loop 400 (e.g., by controller
112 of UAV 110 and/or user interface 132 of base station 130
or OCU 332), which may include imitializing a fight barom-
cter mounted to UAV 110. Block 404 represents a delay of
further execution until UAV 110 receives or generates a
flight mitiation command (e.g., to take ofl at or near base
station 130/330). In block 406, UAV 110 receives a ground
or reference tlight pressure measurement PO from the flight
barometer coupled to UAV 110 after the flight mmitiation
command 1s received or generated and before flight initia-
tion commences, for example, and stores the ground or
reference flight pressure measurement P0. In block 408,
UAV 110 determines 1t has initiated flight, such as by
evaluating telemetry from various sensors, for example, and
proceeds to block 410.

In block 410, periodic flight pressure measurements P are
made using the flight barometer based on various criteria,
such as reaching a preset maximum time duration between
flight pressure measurements, reaching a designated way-
point 1n a planned route, and/or during a relatively complex
maneuver, where the tlight pressure measurements may be
made at approximately the maximum rate supported by the
tlight barometer and/or various elements of system 100. In
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block 412, a flight altitude estimation H 1s determined based
on the stored ground or reference fight pressure measure-
ment PO and the most recent flight pressure measurement P.
In some embodiments, such tlight altitude estimation may be
used for autopiloting UAV 110 and/or stored for later
telemetry graphing or mapping, for example, and/or may be
communicated to base station 130/330 as telemetry data for
remote storage and/or display to an operator of system 100.

In block 414, UAV 110 determines whether 1t has completed

a tlight or landed, such as by evaluating telemetry from
various sensors, for example, and either continues to itera-
tively execute blocks 410-414 (e.g., while still in flight or
executing a planned route), or proceeds to block 416, which
represents ending execution of control loop 400.

Such method can work well for relatively short tlights
(e.g., lasting less than 0.5 or 1 hours). However, ambient
pressure 1s always changing. For example, FIGS. 5A-B
show graphs of atmospheric pressure trends i Waterloo
Ontario Canada 1n January 2018. Looking at January 1 as an
example, the atmospheric pressure rose from 99600 Pa to
100100 Pa 1n the first 2 hours of the day (ambient tempera-
ture was approximately 3° C.). If a UAV took ofl at 12:00
am, quickly ascended to 100 m, and maintained that height
for 2 hours, 1t would drift to an actual thght altitude of 140.7
m above the ground at 2:00 am due to reference pressure
change:

AH=AP/pg

— APRT / Pg
= (100100 — 99600)*287.058*(5 + 273.15)/ (1001009.81)

= 40.7m.

Embodiments described herein update the reference
demark pressure using a demark barometer mounted to the
base station (e.g., communicatively coupled to the base
station and kept at a relatively fixed altitude). For example,
the demark barometer (e.g., other modules 136) may be
integrated with the base station or plugged into or electri-
cally coupled to the base station. Reference demark pres-
sures may be communicated to the UAV over one or more
wired and/or wireless communication links established
between the base station and the UAYV, for example, and the
UAV may be configured to determine a flight altitude
estimate based on the reference demark pressures and flight
pressures provided by a tlight barometer (e.g., other modules
126 and/or 152) mounted to the UAV.

In various embodiments, it 1s not necessary to keep the
location of the demark barometer constant (e.g., the same as
the take-ofl location of the UAV), because the thght altitude
estimation can compensate for a demark location change
using a demark excursion pressure adjustment defined as the
pressure difference between a first demark pressure at the
take-ofl location and a second demark pressure at a new
location, where the change 1n location (e.g., the base station
exclusion) takes place over a relatively short period of time
(¢.g., less than approximately 1 hour). The demark excursion
pressure adjustment may be added to the subsequent series
of reference demark pressures or subtracted from subsequent
tlight pressures, and then the tlight altitude estimation may
proceed as normal.

As ambient atmospheric pressure change 1s a relatively
slow process, the update frequency of the reference demark
pressure can be 1 Hz or lower. However, the validation of the
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measurement should be implemented as part of the tlight
control process, for example, so as to avoid sudden ascents/
descents due to intermittently mnaccurate, garbled, or wild
readings or sensor failure. For example, assuming the ref-
erence demark pressure PO 1s 101325 Pa, 1f a subsequent
demark pressure measurement 1s out of the range 96325 Pa
to 106325 Pa (P0-5000 Pa to P0+5000 Pa, where 5000 Pa
1s a predetermined demark pressure dynamic range thresh-
old), that subsequent demark pressure measurement 15 con-
sidered 1nvalid and omitted from the tlight altitude estima-
tion. Such dynamic range threshold may be suspended or
increased while the base station location 1s changed, such as
by user mput provided to the base station.

FIG. 6 1illustrates a flow chart of a control loop to
determine flight altitude estimates where the reference
demark pressure 1s not assumed to be constant. In particular,
block 602 of control loop 400 represents nitiation of execu-
tion of control loop 600 (e.g., by controller 112 of UAV 110
and/or user interface 132 of base station 130 or OCU 332),
which may include imtializing a fight barometer mounted to
UAV 110 and/or a demark barometer mounted to base
station 130/330. Block 604 represents a delay of further
execution of control loop 600 until UAV 110 receives or
generates a flight initiation command (e.g., to take off at or
near base station 130/330). In block 606, UAV 110 receives
a ground or reference pressure measurement PO from the
flight barometer coupled to UAV 110 after the flight 1nitia-
tion command 1s received or generated and before tlight
initiation commences, for example, and stores the ground or
reference pressure measurement P0. At approximately the
same time, base station 130/330 receives a ground or rei-
erence pressure measurement Pgl from a demark barometer
mounted to base station base station 130/330 after the tlight
initiation command 1s received or generated and before
flight mmitiation commences, for example, and stores the
ground or reference pressure measurement Pg0. In various
embodiments, such ground or reference pressure measure-
ments may be stored locally at either UAV 110 and/or base
station 130/330, for example, and/or may be communicated
to UAV 110 and/or base station 130/330 as telemetry data for
remote storage, for example, and/or for display to an opera-
tor of system 100. In block 608, UAV 110 determines 1t has
initiated flight, such as by evaluating telemetry from various
sensors, for example, and proceeds to blocks 620 and 630.

In block 620, periodic flight pressure measurements P are
made using the flight barometer based on various criteria,
such as reaching a preset maximum time duration between
flight pressure measurements, reaching a designated way-
point 1n a planned route, and/or during a relatively complex
maneuver, where the tlight pressure measurements may be
made up to approximately the maximum rate supported by
the tlight barometer and/or various elements of system 100.
In block 630, and substantially 1n parallel, with block 620,
periodic demark pressure measurements Pg are made using
the demark barometer based on various criteria, such as
reaching a preset maximum time duration between demark
pressure measurements, for example, and/or during a rela-
tively dynamic atmospheric pressure period, where the
atmospheric pressures vary relatively rapidly and the
demark pressure measurements may be made up to approxi-
mately the maximum rate supported by the demark barom-
cter and/or various elements of system 100. In some embodi-
ments, such criteria for the demark pressure measurements
may 1nclude recerving user mput indicating a change in
location of base station 130/330, for example, where the user
indicates the start and end of such change 1n location so that
a demark excursion pressure adjustment may be determined
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and/or stored based on the differential demark pressures
attributed to the location change, as described herein. In
various embodiments, the timing criteria of periodic tlight
and demark pressure measurements may be substantially
synchronized 1n time. In block 632, measured demark pres- 5
sures are checked against a demark pressure dynamic range
threshold before such demark pressures are stored and/or
used to determine a flight altitude estimation, as shown in
block 610.

In block 610, a real-time pressure differential flight alti- 10
tude estimation H 1s determined (e.g., by controller 112
and/or various elements of systems 100/300) based on the
stored ground or reference tlight pressure measurement PO,
the stored ground or reference demark pressure measure-
ment Pg0, and the most recent flight pressure measurement 15
P and demark pressure measurement Pg. In some embodi-
ments, such differential tlight altitude estimation H may be
used for autopiloting UAV 110 and/or stored for later
telemetry graphing or mapping, for example, and/or may be
communicated to base station 130 as telemetry data for 20
remote storage and/or display to an operator of system 100.

As discussed herein, such differential flight altitude estima-
tion H 1s a substantially more reliable flight altitude estima-
tion with respect to the actual altitude of UAV 110, particu-
larly when flown over relatively long periods of time (e.g., 25
over 1 hour). In various embodiments, differential flight
altitude estimation H may be determined from H=(P0+(Pg-
Pg0)-P)/pg. In block 614, UAV 110 determines whether 1t
has completed a tlight or landed, such as by evaluating
telemetry from various sensors, for example, and either 30
continues to iteratively execute blocks 620-632 (e.g., while
still 1n flight or executing a planned route), or proceeds to
block 614, which represents ending execution of control
loop 600.

FI1G. 7 illustrates a flow diagram 700 of various operations 35
to provide flight altitude estimates using UASs 100 and/or
300 in accordance with an embodiment of the disclosure. In
some embodiments, the operations of FIG. 7 may be imple-
mented as soitware instructions executed by one or more
logic devices or controllers associated with corresponding 40
clectronic devices, sensors, control loops, and/or structures
depicted in FIGS. 1-6. More generally, the operations of
FIG. 7 may be implemented with any combination of
software 1nstructions, mechanical elements, and/or elec-
tronic hardware (e.g., inductors, capacitors, amplifiers, 45
actuators, or other analog and/or digital components). It
should also be appreciated that any step, sub-step, sub-
process, or block of process 700 may be performed 1n an
order or arrangement different from the embodiment 1llus-
trated by FIG. 7. For example, in other embodiments, one or 50
more blocks may be omitted from or added to the process.
Furthermore, block inputs, block outputs, various sensor
signals, sensor information, calibration parameters, and/or
other operational parameters may be stored to one or more
memories prior to moving to a following portion of a 55
corresponding process. Although process 700 1s described
with reference to systems described imn FIGS. 1-6, process
700 may be performed by other systems different from those
systems and including a different selection of electronic
devices, sensors, assemblies, mechanisms, platforms, and/or 60
platform attributes.

At block 702, flight pressure data 1s received. For
example, controller 112, communication module 120, user
interface 132, and/or communication module 132 may be
configured to receive flight pressure data generated by a 65
tlight barometer mounted to UAV 110. In various embodi-
ments, such tlight pressure data may be received as UAV 110
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maneuvers within a survey area, either while tethered or
under free flight conditions. At block 704, demark pressure
data 1s received. For example, controller 112, communica-
tion module 120, user intertface 132, and/or communication
module 132 may be configured to receive demark pressure
data generated by a demark barometer mounted to base
station 130. In various embodiments, such demark pressure
data may be received as UAV 110 maneuvers within a
survey area, for example, or as base station 1s moved

between locations while remaining able to communicate
with UAV 110. In block 706, a differential flight altitude

estimation 1s determined. For example, controller 112, com-
munication module 120, user interface 132, and/or commu-
nication module 132 may be configured to determine the
differential flight altitude estimation based, at least 1n part,
on the received tlight pressure data and demark pressure
data, a reference flight pressure corresponding to a flight
initiation location of the UAV, and a reference demark
pressure corresponding to a tlight imitiation location of the
base station, as described herein.

In various embodiments, a time series of such differential
tlight altitude estimations may be determined, such as cor-
responding to one or more positions of UAV 110 within a
survey area, for example, and an elevation map may be
generated and/or displayed to an operator of systems 100/
300, based on the time series of differential flight altitude
estimations. In some embodiments, such differential flight
altitude estimations may be used to autopilot UAV 110
according to a designated surveillance route and/or tether
extent, for example.

By providing such systems and techmiques for flight
altitude estimation, embodiments of the present disclosure
substantially improve the operational flexibility and reliabil-
ity of unmanned sensor platforms. Moreover, such systems
and techniques may be used to increase the operational
safety of unmanned mobile sensor platforms above that
achievable by conventional systems. As such, embodiments
provide mobile sensor platforms systems with significantly
increased survey convenience and performance.

Where applicable, various embodiments provided by the
present disclosure can be implemented using hardware,
software, or combinations of hardware and software. Also,
where applicable, the various hardware components and/or
soltware components set forth herein can be combined 1nto
composite components comprising soltware, hardware, and/
or both without departing from the spirit of the present
disclosure. Where applicable, the various hardware compo-
nents and/or soltware components set forth herein can be
separated mto sub-components comprising software, hard-
ware, or both without departing from the spirit of the present
disclosure. In addition, where applicable, it 1s contemplated
that software components can be implemented as hardware
components, and vice-versa.

Software 1n accordance with the present disclosure, such
as non-transitory instructions, program code, and/or data,
can be stored on one or more non-transitory machine read-
able mediums. It 1s also contemplated that software 1denti-
fied herein can be implemented using one or more general
purpose or specific purpose computers and/or computer
systems, networked and/or otherwise. Where applicable, the
ordering of various steps described herein can be changed,
combined nto composite steps, and/or separated into sub-
steps to provide features described herein.

Embodiments described above illustrate but do not limit
the mvention. It should also be understood that numerous
modifications and variations are possible in accordance with
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the principles of the present mmvention. Accordingly, the
scope of the invention 1s defined only by the following
claims.

20

wherein the communication link 1s via a tether coupled to
the UAV.

8. The system of claim 7, further comprising:

the UAV comprising the communication module and the
tlight barometer; and

the base station; and

The 1nvention Claim‘?d 18 d wherein the tether 1s coupled between the UAV and the
1. A system comprising: | _ base station.
a loglc. de?flce coniigured to communicate with a com- 9. The system of claim 8, wherein:
munication moduile and‘a tlight barometer _ coupled to the base station further comprises the demark barometer;
an unmanned aerial vehicle (UAV), wherein the com- and
munication module 1s configured to establish a com- 10 the UAV comnpi fixed Wi . r
C . : . . : prises a nxed wing or a copter type o
mumcaﬁoné}nlﬁt\ﬁgth a batse station Iaisscn;:lcz-.l?l‘[fid with ’flée nirerafi
UAYV, the th arometer 1s conflgured to provide ' . ]
tlight pressur%s associated with the l%AV as 1t ?naneu- 10. f&'method ol using the system of claim 1, the method
vers within a survey area, and the logic device 1is COLIPTISINgE. _ _
configured to: s recerving the flight pressure data from the fhgh‘[ barometer
receive flight pressure data from the flight barometer coupled to the UAV, wherein the flight barometer
corresponding to one or more positions of the UAV provides flight pressures associated with the UAV as 1t
within the survey area: maneuvers within the survey area and the flight pres-
receive demark pressure data from a demark barometer sure data corresponds to one or more positions ot the
coupled to the base station; and 20 UAV within the survey area;
determine a differential flight altitude estimation based, receiving the demark pressure data from the demark
at least 1n part, on the received flight pressure data barometer coupled to the base station; and
and demark pressure data, a reference tlight pressure determining the differential flight altitude estimation
corresponding to a flight initiation location of the based, at least 1n part, on the recerved tlight pressure
UAYV, and a reference demark pressure correspond- 25 data and the demark pressure data, the reference tlight
ing to a tlight nitiation location of the base station. pressure corresponding to the flight 1nitiation location
2. The system of claim 1, wherein the logic device 1s of the UAV, and the reference demark pressure corre-
configured to: sponding to the flight initiation location of the base
determine a time series of differential tlight altitude station.
estimations based, at least 1n part, on the received flight 30  11. A method comprising;:
pressure data and demark pressure data, the reference recerving tlight pressure data from a flight barometer
flight pressure corresponding to the flight 1mitiation coupled to an unmanned aerial vehicle (UAV), wherein
location of the UAYV, and the reference demark pressure the flight barometer 1s configured to provide flight
corresponding to the flight mitiation location of the pressures associated with the UAV as 1t maneuvers
base station; and 35 within a survey area and the tlight pressure data cor-
generate an elevation map corresponding to the one or responds to one or more positions of the UAV within
more positions of the UAV within the survey area, the survey area;
wherein the elevation map 1s based, at least in part, on recerving demark pressure data from a demark barometer
the determined time series of differential flight altitude coupled to a base station; and
estimations. 40  determiming a differential tlight altitude estimation based,
3. The system of claim 1, wherein the logic device 1s at least 1n part, on the received flight pressure data and
configured to: demark pressure data, a reference flight pressure cor-
autopilot the UAV according to a designated surveillance responding to a tlight mitiation location of the UAYV,
route based, at least in part, on the determined difler- and a reference demark pressure corresponding to a
ential thght altitude estimation. 45 flight 1mitiation location of the base station.
4. The system of claim 1, wherein the logic device 1s 12. The method of claim 11, further comprising:
configured to: determining a time series ol differential flight altitude
determine a demark excursion pressure adjustment based, estimations based, at least 1n part, on the received tlight
at least 1n part, on first and second demark pressures pressure data and demark pressure data, the reference
associated with respective first and second locations of 50 flight pressure corresponding to the flight initiation
the base station; and location of the UAV, and a reference demark pressure
determine the differential flight altitude estimation based, corresponding to the flight iitiation location of the
at least in part, on the determined demark excursion base station; and
pressure adjustment. generating an elevation map corresponding to the one or
5. The system of claim 1, wherein: 55 more positions of the UAV within the survey area,
the logic device 1s coupled to the UAV; and wherein the elevation map 1s based, at least 1n part, on
the reference demark pressure 1s received from the base the determined time series of diflerential flight altitude
station over the communication link and stored at the estimations.
UAV. 13. The method of claim 11, further comprising:
6. The system of claim 1, wherein: 60  autopiloting the UAV according to a designated surveil-
the logic device 1s coupled to the base station; and lance route based, at least 1n part, on the determined
the reference tlight pressure 1s received from the UAV differential flight altitude estimation.
over the communication link and stored at the base 14. The method of claim 11, further comprising:
station. determining a demark excursion pressure adjustment
7. The system of claim 1, further comprising: 65 based, at least 1n part, on first and second demark

pressures associated with respective first and second
locations of the base station; and
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determining the differential flight altitude estimation
based, at least in part, on the determined demark
excursion pressure adjustment.
15. The method of claim 11, wherein:
the reference demark pressure 1s recerved from the base 5
station over a communication link and stored at the
UAV.

16. The method of claim 11, wherein:

the reference tlight pressure 1s received from the UAV
over a communication link and stored at the base 10
station.

17. The method of claam 11, wherein communication
between the base station and the UAYV 1s via a tether coupled
between the UAV and the base station.

18. A system for performing the method of claim 11, the 15
system comprising;:

a logic device configured to perform the determining of

the differential tlight altitude estimation;
the base station; and
the UAV comprising the flight barometer. 20
19. The system of claim 18, wherein:
the base station comprises the demark barometer; and
the UAV comprises a fixed wing or a copter type of

aircraft.
20. The system of claim 18, further comprising: 25
a tether coupled between the UAV and the base station
and configured to provide power to the UAV and form

a communication link between the UAV and the base

station.

30
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It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Claims

In Column 20, Line 51, Claim 12, change “and a reference” to --and the reference--.
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